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The major late promoter (MLP) of the subgroup C human adenoviruses is a preeminent model for the study of the
mechanisms of basal and activated transcription, both in vivo and in vitro. However, while the structure and function of the
human virus MLP has been the subject of extensive investigation, the conservation of the various promoter elements among
the adenoviruses from different species has not been examined. Conservation of specific elements would strongly suggest
the importance and universality of their function. To address this issue, sequences were obtained from cloned DNAs of
several representative Mastadenoviridae, mouse adenovirus type 1 (MAV-1), Tupaia adenovirus type 1 (TAV-1), and two
bovine adenoviruses of two distinct subgroups, BAV-3 and BAV-7. The results of the sequencing studies showed that the
TATA box and an upstream inverted CAAT box are conserved in all species and that the binding site for transcription factor
USF is present in all except MAV-1, in which a sequence similar to an Sp1-binding site is present at a similar position. The
initiator element (INR) sequence is not well conserved, and only one or other of the two downstream activating elements,
DE1 and DE2, is predicted to be present in the nonprimate virus MLP regions. Ribonuclease protection assays on RNA
isolated from MAV-1-infected cells late in infection indicated that the predicted MLP is functional, and transcription initiation
and splice donor sites were identified. The human virus MLP is embedded in the essential DNA polymerase sequence on
the opposite DNA strand. The primary amino acid sequences of the C-terminal regions of the predicted DNA polymerases
show strong conservation of sequence motifs observed in replicative polymerases ranging from prokaryotes to mammals,
and additional regions of strong conservation among the adenovirus polymerases. Pairwise comparisons between the newly
sequenced regions of the polymerases and previously published sequences show that BAV-7 is most dissimilar to all others,
while TAV-1 has a greater similarity to the primate sequences than to the others. The sequence data from both strands
were also used to construct phylogenetic trees, based on BAV-7 as the outgroup. The trees constructed from the two sets
of sequences are broadly similar, showing close relationships between primate viruses, but differing in the order of diver-
gence of TAV-1 and MAV-1 branches. q 1996 Academic Press, Inc.
INTRODUCTION early regions E1 and E4 are located at either end of
the genome, while E2 and E3 are separate and internal.
Members of the Adenoviridae infect a wide variety of
Among the early regions, E3 is the most variable [re-
vertebrates, including many species of mammals and
viewed recently in Beard and Spindler (1995)], and recent
birds, and perhaps some poikilothermic species as well
evidence suggests that it may be absent, or located at
[reviewed by Ishibashi and Yasue (1984)]. The family
an unusual position, in the ovine virus OAV287 (Vrati
shares an overall morphology consisting of a naked ico-
et al., 1995). At the DNA sequence level, considerable
sahedral capsid with 252 capsomers, and a double-
homology between genes sharing similar functions has
stranded DNA genome, which varies in size among the
been demonstrated. Taken together, the morphologicalspecies. All adenoviral genomes examined to date share
and sequence information strongly suggests descentthe property of having inverted terminal repeats and a
from a common ancestor, and a recent pioneering studyspecific polypeptide attached to the 5* ends of the duplex
has drawn up molecular phylogenies for a variety of ade-[reviewed by Sussenbach (1984)]. Among the mamma-
noviruses using sequences derived from both early andlian viruses, which belong to the genus Mastadenovirus,
late gene regions (Bailey and Mautner, 1994).the overall genetic organization is also conserved. Thus
The evolution of viruses is of considerable current in-
terest from both a theoretical and an epidemiological
1 The nucleotide sequence data reported in this paper have been point of view, but sequence comparisons also have value
submitted to the GenBank sequence database and assigned the acces-
in suggesting functional organization of genes and theirsion numbers U57334–U57337.
products. In adenovirus, sequence comparisons be-2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (212) 305-1468. E-mail: Young@cuccfa.ccc.columbia.edu. tween different species led to testable predictions con-
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cerning the structure and function of the protein products the sequences are listed in Table 1. Cloning manipula-
tions were performed according to standard protocolsof the E1A region (Moran and Mathews, 1987). A similar
approach has been used recently to examine the essen- (Sambrook et al., 1989), and plasmids were propagated
in Escherichia coli HB101. All plasmid preparations weretial features of the virus-associated (VA) RNAs (Kidd et
al., 1995). Sequence comparisons also may be instructive purified prior to sequencing using Qiagen column chro-
matography.in the study of the comparative pathology of different
adenovirus infections. Despite their overall structural
Sequencing strategysimilarity, adenoviruses show a wide range of pathologi-
cal effects in different species, and discovering the cause
Sequences were obtained from the purified plasmid
of these differences may be valuable in uncovering the
DNAs using the universal and reverse primers flanking
bases of viral pathology in general. Mouse adenovirus
the polylinker sites used for cloning. Sequencing was
type 1 (MAV-1) has been chosen as an experimental
performed with dye terminators on an ABI 373A machine
model for studying viral pathology (Pirofski et al., 1991;
in the Columbia Cancer Center DNA facility. Sequences
Guida et al., 1995; Kring et al., 1995), and as part of
were obtained from both strands, often with multiple
this effort, we are completing the genome sequence.
overlapping stretches. In certain instances, ambiguities
Currently, about 70% of the MAV-1 genome sequence
were resolved using sequence-specific internal primers,
is known, and comparisons with the more intensively
as noted in the footnotes to Table 1. The final sequence
studied human viruses have revealed interesting
for each major late promoter region was assembled man-
points of similarity and difference. However, although
ually, using Strider (Marck, 1988) version 2.01.
the sequences and organization of the early regions
have been determined (Ball et al., 1988, 1989, 1991; Sequence analysis
Kring et al., 1992; Raviprakash et al., 1989; Beard et
Sequences in both the major late promoter-sense andal., 1990), considerably less is known about the late
in the adenovirus DNA polymerase-sense, were alignedgenes, either in terms of their sequence or their ex-
using the BestFit and PileUp programs of the GCG pack-pression. Recent evidence has shown that proteins
age (Devereux et al., 1984) version 7.3. Specific parame-belonging to the L3 and L4 families share many com-
ters for the alignments are shown in the figure legends.mon features, including genomic position, with their
human virus counterparts (Weber et al., 1994; Song et
Phylogenetic comparisonsal., 1995; Cauthen and Spindler, 1996), but very little
is known about the control of late gene expression. As
MacClade version 3.01 (Maddison and Maddison,
a first step in the analysis of late gene expression we
1992) was used to draw up phylogenies from the se-
sequenced the region expected to encode the major
quences of the MLP-sense and DNA polymerase-sense
late promoter (MLP) of MAV-1.
strands. The operations performed on the data and the
For evolutionary comparisons, we also sequenced the
options chosen to present the data are described in the
regions expected to encode the MLPs of adenoviruses
legend to Fig. 6. In both comparisons, the sequence of
from the tree shrew Tupaia and two different serotypes
BAV-7 was chosen to root the tree, because it showed
of bovine adenovirus, types 3 and 7. These representa-
the most difference from any of the other serotypes.
tives of the Mastadenoviridae were chosen because they
are infectious agents of widely divergent branches of the Ribonuclease protection assays
mammalian evolutionary phylogeny. Indeed Tupaia, as a
prosimian, occupies a position considered to be ances- Preparation of radioactive probes. A sequence that in-
cluded the predicted MAV-1 MLP was cloned into pDQ1,tral to, or intermediate between, the primate and insecti-
vore lineages (Flu¨gel et al., 1978; Darai et al., 1980). The a vector that contains SP6 and T7 RNA polymerase pro-
moters flanking a set of cloning sites. pBS53 was createdbovine serotypes chosen show a wide divergence in both
homology (Hu et al., 1984; Benko¨ et al., 1990) and immu- by cloning the HindIII to EcoRI fragment from pBWS5
(see Table 1) into the same sites in pDQ1. The resultingnological properties (Bartha, 1969) and thus could serve
as comparisons to disparate serotypes in the human plasmid contains MAV-1 sequences from the SalI site to
the first three bp of the HpaI site. Methods for preparingvirus series.
riboprobes were similar to those described previously
(Reach et al., 1990). Briefly, samples of each plasmidMATERIALS AND METHODS
were linearized by HindIII digestion and transcribed us-
Cloning DNA sequences
ing T7 RNA polymerase (USB) and [a32P]UTP (NEN, 800
Ci/mmol) to create labeled anti-sense RNA probes, thatThe sequences of adenovirus DNAs expected to con-
tain the MLP region were obtained from previously extended beyond the MAV-1 sequences. Reaction prod-
ucts were resolved on 4% polyacrylamide slab gels, andcloned DNA fragments. The starting materials, their ori-
gins, and a synopsis of the subclones used in obtaining purified riboprobes were extracted in elution buffer.
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TABLE 1
Subclones Used in the Sequencing of Putative MLP Regions
Host Virus Starting M.U.a and
species serotype clone Ref. Initial subclone Derived subclones
Murine MAV-1 pMSA 15.5–57.2 (1) pBWS1: 16.9–28.9 pBWS2: 16.9–17.5 B
(SalI-C fragment) Rb pBWS3: 17.5–20.9 B
pBWS4: 17.9–28.9 R
pBWS5: 16.9–18.6 B
Tupaiid TAV-1 pTA-BE-AB 8.0–76.0 (2) pBWS12: 15.0–29.0 pBWS26.1:15.0–16.3L
(XbaI-C fragment) R pBWS26.2: 15.0–15.6 L
pBWS48: 8.0–15.0 L
pBWS49: 14.3–15.0c B
Bovine BAV-3 pBA3-HIII-B 12–29 (3) pBWS29: 12.0–19.5 pBWS36: 12.2–16.3d L
(BamHI to EcoRI fragment) L pBWS40: 16.3–17.4 B
pBWS42: 12.2–16.7 L
BAV-7 pBA7-RI-C 9–19 (4) pBWS24: 12.8–17.0 pBWS39: 15.5–16.2e B
(BamHI to HinDIII fragment) L pBWS43-11: 14.2–15.5 B
pBWS43-9: 12.8–14.2 B
pBWS32: 12.9–14.8 B
a The number of base pairs per map unit varies among the virus genomes. The calculations are as follows: MAV-1, 1 m.u.  315 bp; TAV-1, 1
m.u.  313 bp; BAV-3, 1 m.u.  350 bp; BAV-7, 1 m.u.  294 bp. References: (1) Ball et al., 1988; (2) Brinkmann et al., 1983; (3) Hu et al., Unpublished;
(4) Hu et al., 1984.
b R indicates the clone was sequenced in the rightward direction, L in the leftward direction, and B in both directions.
c The presence of a single XbaI site at m.u. 15 was established by sequencing pTA-BE-AB in the rightward direction with a primer homologous
to sequences just upstream of the site.
d Ambiguities between the sequences obtained from pBWS36 and pBWS42 were resolved by sequencing in the rightward direction with a primer
homologous to pBWS36.
e To complete the sequences of both strands downstream of pBWS39, sequencing was performed in the rightward direction with a primer
homologous to pBWS24.
RNA manipulations. Monolayers of mouse 3T6 cells in the human serotypes, the IVa2 promoter and the MLP
are adjacent and divergent (Kasai et al., 1992), and thus10-cm dishes were infected with MAV-1 at an m.o.i. of 5
PFU per cell, or mock-infected, and incubated at 377 for we anticipated that the same organization would hold
true for the mouse virus. Accordingly, the viral SalI-C3 days. Total RNA was isolated from both samples using
RNA STAT-60 (Tel-Test ‘‘B’’ Inc., Friendswood, TX) as de- fragment (16.9 m.u. to 28.9 m.u.) was subcloned from the
large SmaI A fragment cloned previously (Ball et al.,scribed by the manufacturer. Ribonuclease protection re-
actions were performed using a Hybspeed RPA kit (Am- 1988). The leftward SalI site is close to the right end of
the published sequence (Kring and Spindler, 1990). Afterbion) essentially as described by the manufacturer.
Briefly, samples of cellular RNA and riboprobe were co- appropriate subcloning and sequencing, 544 bp of new
sequence was obtained and compared with the equiva-precipitated, resuspended, and incubated for 5 min at
957 followed by a further incubation at 687 for 20 min. lent region of human adenovirus type 5. The most notice-
able features in the MLP-sense strand (Fig. 1A) are theSamples were then treated with RNase A and T1 for 30
min at 377. The number of units of RNase used was presence of a canonical TATA box and the conservation
of the distal upstream inverted CAAT box, which hasadjusted to give complete digestion of the riboprobe in
the absence of protecting RNA species. Following diges- been shown to play a role in transcription in the human
adenovirus in vivo (Reach et al., 1990). Absent is thetion, the products were displayed on an 8% sequencing
polyacrylamide gel, with labeled RNA markers and a human virus proximal upstream promoter element (UPE)
that is important to transcription both in vitro (SawadogoDNA sequencing ladder as size markers. The labeled
RNA markers were prepared using the DNA substrates and Roeder, 1985; Miyamoto et al., 1985; Chodosh et al.,
1986) and in vivo (Reach et al., 1990, 1991) and whichprovided in the Hybspeed RPA kit.
binds the transcription factor USF (MLTF) (Sawadogo and
Roeder, 1985; Miyamoto et al., 1985; Chodosh et al.,RESULTS
1986). The sequence at the equivalent position in the
The sequence of the predicted MAV-1 MLP region
putative MAV-1 MLP region bears a resemblance to an
Sp1 binding site, GGGCGTGG, in which the underlinedPrevious sequencing results had uncovered the pre-
dicted amino terminus of the MAV-1 homolog to the hu- T is different from the canonical C. The possible func-
tional role of this potential Sp1-binding site will be con-man virus late IVa2 protein (Kring and Spindler, 1990). In
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FIG. 1. Comparisons of the sequence in MAV-1 homologous to the major late promoter region of HAV-5. (A) MLP-sense strand. The HAV-5
sequence starts at bp 5899 (Dekker and van Ormondt, 1984), and the MAV-1 sequence at bp 5071 (Kring and Spindler, 1990). The last MAV-1
nucleotide previously reported is indicated (*). The two sequences were aligned with the BestFit program of the GCG package, with a gap weight
of 5.00 and a length weight of 0.300. The positions of known promoter elements are shown underneath the HAV-5 sequence. The last nucleotide
in the first late leader 1 of HAV-5 is also indicated (l). This aligns with one of the two consensus sequences in MAV-1 predicted from the
ribonuclease protection results presented in Fig. 2. Vertical lines indicate identical nucleotides and ellipses represent gaps inserted in the sequence
to optimize alignment. (B) Comparison of the C-terminal sequence of the DNA polymerase of HAV-5 with its putative homolog in MAV-1. The deduced
amino acid sequences on the opposite strand to the major late sense strand are compared using the BestFit program, with a gap weight of 3.000
and a length weight of 0.100. The sequences are 72% similar and 58% identical. Regions conserved in all replicative DNA polymerases (Wong et
al., 1988) are indicated by underlining. Vertical lines, colons, and periods indicate amino acid identity and greater or lesser similarity, respectively.
sidered further in the Discussion. The only other pro- comparisons on the DNA polymerase-sense strand (Fig.
1B) include data previously published for the C terminusmoter-proximal element known to play a role in vivo in
the human MLP, namely the INR (Smale and Baltimore, of both human Ad5 (Dekker and van Ormondt, 1984) and
MAV-1 (Kring and Spindler, 1990) DNA polymerases.1989), is not conserved in the MAV-1 sequence: the se-
quence at an appropriate distance from the TATA box Identity between the amino acid sequences is 57%, and
similarity is 71%. There are several highly conserveddoes not conform to the consensus for the INR (Javahery
et al., 1994). Sequence elements within the first intron stretches, three of which correspond to C-terminal re-
gions of sequence conservation predicted from a previ-have been shown to up-regulate the activity of the MLP
at late times (Mansour et al., 1986; Leong et al., 1990; ous comparison among DNA polymerases of both pro-
karyotes and eukaryotes (Wong et al., 1988). These re-Monde´sert and Kedinger, 1991), and recent evidence
shows that the protein that binds to the first of these gions, termed III, I, and V, are indicated.
elements, DE1, is the virus-encoded IVa2 protein (Tribou-
The predicted MLP of MAV-1 is functional in vivoley et al., 1994). The sequence of MAV-1 has a nearly
exact match for the human DE1 element, but the se- As discussed above, the predicted MLP of MAV-1 has
many similarities with its human viral counterpart, but thequence of the DE2 element is not conserved. Sequence
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or when hybridized to uninfected cellular RNA, but was
protected by virus-infected cell RNA, to give a large spe-
cies of approximately 380 nucleotides, as measured
against labeled RNA standards. The probe was also pro-
tected by infected cell RNA to yield a group of prominent
smaller species of 60, 56, and 53 nucleotides, as mea-
sured against a DNA sequencing ladder (Fig. 2B). In the
interpretative diagram in Fig. 2C, the larger species cor-
responds to unspliced nuclear RNA, and the 60 and 56
nucleotide species correspond to mRNAs with splice do-
nor sites at two consensus sequences AGGT and TGGT
(see Fig. 1A). These results are consistent with a start
site at the A residue 29 bp downstream of the first T
residue of the predicted TATA box. If the 53 nucleotide
species is spliced in a similar manner to either the 60
or the 56 nucleotide species, it may be derived by initia-
tion at an alternative start site. These interpretations
were confirmed using a ribonuclease protection assay
with a riboprobe that included only 36 nucleotides down-
stream of the predicted start site. Species protected by
the shorter probe were approximately 37, 36, and 35
nucleotides long (data not shown) and can be interpreted
to come from both spliced and unspliced RNAs initiated
at the G, A, and G residues located 28, 29, and 30 nucleo-
tides, respectively, from the predicted TATA box. Al-
though some ambiguity remains in the precise locations
of the start and splice sites, it is clear that the predicted
MLP is functional in MAV-1-infected cells late in the in-
fectious cycle.
FIG. 2. Ribonuclease protection assays with RNA isolated from MAV-
The sequences of predicted MLP regions from other1-infected cells or mock-infected cells late in infection. Total RNA was
isolated from cells 3 days after infection, as described in detail under Mastadenoviruses
Materials and Methods. The labeled riboprobe was hybridized to in-
fected cell RNA, uninfected cell RNA, or with no RNA, digested with Conservation of MLP sequence elements between
RNAse A and T1, and displayed on a DNA sequencing gel. A and B MAV-1 and those human serotypes sequenced to date
are representative sections of an autoradiograph of a single gel, in
may arise for several reasons. One likely possibility iswhich samples were electrophoresed for different lengths of time. In
that the common ancestor contained these elements andA, the RNA marker ladder was labeled in vitro, and in B a sequencing
that there was strong selection for their retention be-ladder was produced from M13mp18 using the universal primer. The
riboprobe was completely digested after hybridization with uninfected cause they may confer the appropriate transcriptional
cell RNA or with no prior hybridization. There were no prominent bands control in the different hosts and tissues the viruses in-
in the region of the autoradiograph between A and B. C is an interpreta-
fect. It was of some interest therefore to examine thetive diagram of the protection results. The riboprobe is shown as a
sequences of potential MLP regions from adenovirusescross-hatched line, and the protected RNA species as solid lines. MAV-
of other host species. Plasmid clones were already avail-1 DNA sequences extend from the SalI site at 0144 to the HpaI half-
site at/384. Numbering is based on the identified start site of transcrip- able for viruses from widely diverged mammalian hosts,
tion (/1). namely the tree-shrew Tupaia virus TAV-1 and bovine
adenovirus types 3 and 7.
The Tupaia MLP clone was derived from a larger plas-arguments would be strengthened by direct experimental
evidence for the use of the promoter during a viral infec- mid pTA-BE-AB (Brinkmann et al., 1983), which contained
virus sequences from the BamHI site at 8 m.u. to thetion. Accordingly, total cellular RNA was isolated 3 days
after infection or mock infection, hybridized to a labeled EcoRI site at 76 m.u. (Table 1). The orientation of the
TAV-1 genome had already been established by placinganti-sense riboprobe, and digested with a mixture of
RNase A and T1. The antisense riboprobe was 590 nucle- sequences homologous to the E1 region on the conven-
tional left side (Brinkmann et al., 1983; Flu¨gel et al., 1985).otides long and encompassed 116 nucleotides 5* to the
predicted TATA box, and extended 412 nucleotides Restriction mapping of this clone suggested that XbaI
fragment C, extending from 15 m.u. to approximately 29downstream of it. As shown in Fig. 2A, the unhybridized
probe was completely digested when treated with RNase m.u., would encompass the MLP region, provided the
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FIG. 3. Comparisons among the known MLP of HAV-5 and the putative major late regions of TAV-1 and MAV-1. (A) MLP-sense strand. The
sequence of HAV-5 starts at bp 5957, MAV-1 at bp 5129, while that of TAV-1 starts at the XbaI site at m.u. 15. The sequences were aligned using
the PileUp program of the GCG package with a gap weight of 4.0 and a gap length weight of 0.300. Promoter elements are indicated above the
HAV-5 sequence, and the last nucleotide in leader 1 is shown (l). Other conventions are as described in the legend of Fig. 1A. (B) Predicted DNA
polymerase amino acid sequences. The sequences were aligned as described in the legend of Fig. 1A, but with a gap length weight of 0.100. The
sequence of TAV-1 does not extend to the C terminus of the DNA polymerase, so only conserved regions III and I could be identified and compared
in all three sequences.
genome organization is similar to that of the mouse and quences of Tupaia, human, and mouse viruses show that
Tupaia DNApol is more similar to the human than it ishuman viruses. Initial sequencing from the left end of the
XbaI-C fragment showed considerable homology to the to the mouse sequence (64% identity and 79% similarity,
as opposed to 50% identity and 65% similarity), whilehuman MLP region. Two further subclones from XbaI-
C were obtained and sequenced. The sequences were mouse and human are 57% identical and 71% similar.
The predicted MLP regions of two different bovine ade-assembled and compared to both the human type 5 se-
quence and the MAV-1 sequence. The organization of noviruses were also determined. As was the case with
TAV-1, previous restriction mapping data had suggestedthe predicted TAV-1 MLP sequence (Fig. 3A) shows more
similarity to the human than to the mouse virus MLP that the MLP should lie at a similar position to that of
the human virus (Hu et al., 1984). Clones containing thebecause there is conservation of the UPE box as well as
the TATA and CAAT boxes. This suggests that a tree- expected regions were already available, and a series
of subclones for each serotype was obtained and se-shrew homolog of the human USF transcription factor is
used for transcriptional activation. Note that the UPE of quenced (Table 1). Comparisons were drawn both be-
tween the two bovine serotype sequences (Fig. 4) andTAV-1 would be positioned one helical turn closer to the
TATA box than is the human counterpart. Downstream among all the mammalian species viruses with se-
quenced MLP regions (see below). The predicted MLPsof the TATA box there is a sequence that conforms to
most of the consensus for an INR, but it is displaced two of the two bovine serotypes show conservation of the
main upstream promoter elements found in all MLPspositions further downstream than the human virus INR.
In the comparison of the downstream activating ele- sequenced to date (Fig. 5A), although BAV-7 has a devia-
tion from the canonical CAAT box sequence motif,ments, TAV-1 has a sequence similar to DE2 but not DE1,
i.e., the organization is the converse of MAV-1. namely CCTAT. The spacing of the predicted upstream
activating elements is also different between the twoOn the DNA polymerase-sense strand (Fig. 3B), as-
sembled from the sequence of four subclones, there is serotypes and places the respective transcription factors
on different faces of the DNA duplex. As with TAV-1, theagain excellent conservation of the amino acids encom-
passing regions III and I. Comparisons among the se- UPE of BAV-7 is approximately one helical turn closer to
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FIG. 4. Comparison of the sequences of BAV-3 and BAV-7. (A) MLP-sense strand. BestFit comparison with a gap weight of 3.000, and a length
weight of 0.300. Other conventions are as described in the legend of Fig. 1A. (B) Predicted DNA polymerase amino acid sequences. BestFit
comparison with a gap weight of 3.000 and a length weight of 0.100. The sequences are 65% similar and 49% identical. Conventions as described
in the legend of Fig. 1B.
the TATA box than in either BAV-3 or the human MLPs. between the various member sequences, again assum-
ing orderly descent from a common ancestor. In the pres-A sequence with similarity to the INR consensus is found
at an appropriate position downstream of the TATA box ent report, these assumptions have been applied to com-
parisons between known or potential major late promoterin both BAV-3 and BAV-7. An exact match of the down-
stream DE1 element is present in BAV-3 but not in BAV- regions of a selection of viruses from the Mastadenoviri-
dae. The MLP is embedded within the sequence of the7, while sequence homology to DE2 is weak in BAV-3
and not apparent in BAV-7. On the DNApol strand (Fig. essential DNA polymerase gene encoded on the oppo-
site strand, and this genomic arrangement allows two4B) there are clearly regions of conservation between the
two serotypes, and regions III and I are highly conserved. comparisons to be drawn simultaneously from the same
sequence set.However, despite the regions of conservation, the overall
similarity between the two bovine serotypes is lower than The sequences of all the potential MLPs reported here,
and previously published MLPs from human adenovirusin several other cross-species comparisons and is much
lower than that between different human serotypes. This 2/5 and simian adenovirus 30 (Hsiao et al., 1990), were
compared together (Fig. 5A). The overall architecture ofobservation will be expanded in the Discussion.
the promoter is very similar in them all, with only two
activating sequences upstream of a conserved TATA box.DISCUSSION
The latter is composed of the canonical sequence TA-
Sequence comparisons such as the ones reported TAAA, except in SAV-30 which has GATAAA. A G residue
here have two purposes. One is to deduce important at the first position was found in 9% of a set of human
nucleotide or peptide motifs of the sequence, based on TATA boxes examined (Penotti, 1990). Functional evi-
the assumption of conservative selection of a common dence has shown that this is the single most important
ancestral genome. Those motifs that are strictly con- transcriptional element in the human virus type 5 MLP
served are thought to reflect important elements in the (Reach et al., 1991), so it is not surprising that all adenovi-
functioning of the promoter or polypeptide. The other rus MLP sequences should retain it. Potential upstream
activating elements include a distal inverted CAAT boxpurpose is to try to deduce the evolutionary relationships
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FIG. 5. Comparisons between MLP regions of the Mastadenoviridae. (A) MLP-sense strands. All the newly described sequences were aligned
to coincide with the sequence available from SAV-30 (Hsiao et al., 1990). They were compared with the PileUp program of GCG with a gap weight
of 4.000 and gap length weight of 0.300. The * in the SAV-30 sequence is inserted into the published sequence so that the DNA polymerase
encoded on the opposite strand remains in frame and conserved with the human sequence. Known or suspected promoter elements are indicated,
and conservation is indicated by underlining. The diagram has been modified from the original computer-generated output in the region of the
loose INR consensus in order to highlight possible similarities. (B) Predicted DNA polymerase sequences. Comparison drawn using PileUp program
with gap weight of 3.000 and gap length weight of 0.100. Region III and I are highlighted and residues invariant in all replicative polymerases are
shown in bold. The ‘‘missing’’ nucleotide in the SAV-30 sequence has been replaced to yield the conserved glycine present at the carboxy end of
region III.
conserved in all the regions sequenced, and a proximal active at the position of the UPE and by inference could
be active in MAV-1 too. One other feature of the upstreamCACGTG motif conserved in all except the MAV-1 se-
quence. Studies in the human virus MLP in vivo (Reach regions of these viruses worth noting is that the spacing
of the potential activating elements is variable, both withet al., 1990) have shown that these elements are function-
ally redundant. Thus the conservation of the distal in- respect to each other and to the position of the TATA
box. Nevertheless, with the exception of the BAV-7 CAATverted CAAT box and the proximal CACGTG (UPE) motif
implies that there are selective pressures for their joint box, the potential upstream elements are an integral
number of turns of the DNA from the center of the TATAretention. The MAV-1 sequence has a variant of the GC
box at a position equivalent to the CACGTG motif, which box. This implies that the interactions that take place
between the activating proteins and the proteins thatmay act as the proximal upstream activating element in
this virus. Two pieces of experimental data support this make up the basal machinery are optimal when the pro-
teins bind to the same face of the DNA. Three elementsidea. First, a duplex oligonucleotide containing the MAV-
1 GC box sequence is capable of binding purified Sp1 downstream of the TATA box are less conserved: the
initiator, or INR, (Smale and Baltimore, 1989) and twoand can compete for Sp1 binding to a duplex containing
the canonical sequence, as measured by gel mobility activating elements, DE1 and DE2, whose presence stim-
ulates the MLP at late times in infection (Leong et al.,shift assays (unpublished). This suggests that Sp1 could
bind to the MAV-1 MLP region in vivo. Second, mutational 1990; Monde´sert and Kedinger, 1991). Recent mutagenic
studies on the sequence requirements for a functionalanalysis of the human virus MLP has shown that an Sp1
binding site can replace the CACGTG motif, even in a INR sequence (Javahery et al., 1994) suggest a loose
consensus sequence Py Py A N T/A Py Py where theCAAT box mutant background (E. Minaya and H. Young,
unpublished). Thus an Sp1 binding site is functionally first A marks the position of transcription initiation. The
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human virus MLP was among the first to be identified as polymerase involved in adenovirus replication-specific
protein–protein interactions, such as those with NF1 andhaving an INR (Concino et al., 1984; Smale and Baltimore,
1989), and genetic studies show that it is functionally the precursor to terminal protein (Chen et al., 1990;
Bosher et al., 1990; Mul and Van der Vliet, 1992). Con-redundant with the TATA box in the context of the viral
genome (Reach et al., 1991, and Heng Lu and HY, manu- versely, the regions flanking the potential promoter ele-
ments on the MLP strand are very poorly conserved. Thisscript in preparation). Because of the loose nature of the
consensus sequence for the INR, it is possible to detect may reflect the necessity to segregate domains within
functional sequences on two strands, which are subjectsequences similar to it at an appropriate distance from
the TATA box in most of the potential MLPs. These are individually to selection pressures that may be mutually
antagonistic.underlined in Fig. 5A. The exception is the MLP from
MAV-1, which does not show a close match to the con- In addition to examining the overall conservation of
residues in the potential DNA polymerase coding se-sensus at the start site(s) identified by the ribonuclease
protection assays shown in Fig. 2. It should be possible quence, we also made a pairwise comparison of each
sequence and included the published sequences of twoto test the functionality of the various sequences pre-
dicted to comprise the INR by replacing the wild-type other human adenovirus serotypes (Table 2). As ex-
pected, the greatest similarity is exhibited by the primatehuman virus sequence with those found in the other Mas-
tadenoviridae. One or both of the downstream activating adenoviruses, with identities ranging between 73 and
75% and similarities between 84 and 92%. It is strikingelements are detectable in all potential MLPs, with the
exception of BAV-7. Genetic studies in the human virus that the sequence of BAV-7 is the least conserved as
compared to the other sequences. If the 28 possiblehave shown that DE1 is dispensable (Reach et al., 1991),
but it is not known if mutation of both sequences has pairwise comparisons are ranked according to either
identity or similarity, the seven BAV-7 comparisons arephenotypic consequences. The comparative data pre-
sented here are consistent with previous experimental in the bottom 10 places, including the bottom 5. Further-
more, BAV-7 is almost as dissimilar to BAV-3 as it is tostudies that showed that the downstream activating ele-
ments are functionally redundant (Leong et al., 1990; Li every other sequence. The genetic difference between
the two bovine subgroups to which BAV-3 and BAV-7et al., 1992), because a single element is apparently suffi-
cient for many of the species. It is also possible that the belong has been noted previously (Hu et al., 1984; Benko¨
et al., 1990; Horner et al., 1989). It is also evident fromDNA sequences and the downstream activating factors
that recognize them have coevolved more rapidly than Table 2 that TAV-1 shows greater similarity to the primate
viruses than to either MAV-1 or BAV-7, as might be ex-have the upstream elements. Thus functional down-
stream elements may not be detectable by sequence pected from its taxonomic status as a prosimian. Finally,
it is worth pointing out that the sequence divergence incomparison alone. A further assumption is that the poten-
tial elements lie within the first intron of the major late the DNA polymerase of HAV-5 and MAV-1 (58% identity
in the comparison of the complete C termini shown intranscription unit, as they do in the human virus. The
ribonuclease protection assays of late RNA from MAV- Fig. 1B) is almost as high as that observed previously in
structural proteins such as hexon (51%) and pVI (46%).1-infected cells (Fig. 2) are consistent with this prediction,
because the protected RNA extends to either one of two This is surprising, because some regions of hexon are
subject to continued selection by neutralizing antibodies,canonical splice donor sites located upstream of the pu-
tative DE1 element. and are known to vary extensively (Kinloch et al., 1984;
Bailey and Mautner, 1994).As with the MLP-sense strand sequences, the DNA
polymerase-sense strands of the six Mastadenoviridae The evolution of the adenoviruses is of considerable
interest because of their wide species distribution andshow regions of marked conservation (Fig. 5B), particu-
larly in those areas already known to be conserved varied pathogenic effects. The wide distribution suggests
a long evolutionary history and might also suggest coevo-among all replicative polymerases (Wong et al., 1988).
Within region III, four of the five invariant residues are lution with the host species, as discussed by Shinagawa
et al. (1987) in a consideration of possible molecularconserved and the fifth is present in three of the five
sequences available. Within region I, the invariant se- phylogenies derived from the ITRs of a wide range of
adenovirus types. From an epidemiological standpoint,quence DTDS is conserved in all the adenovirus DNA
polymerases. Consistent with the importance of these the development of individual strains of specific sero-
types with increased virulence (Kajon and Wadell, 1992)regions to function, mutational analysis has shown that
insertions within or very close to regions III or I are lethal suggests that an understanding of past evolutionary his-
tory may be valuable in suggesting those regions of thein the context of the viral genome (Roovers et al., 1991)
and confer severe replicative deficiencies in vitro (Chen genome open to rapid genetic change. An example of
the value of this approach was demonstrated in a recentand Horwitz, 1989; Joung et al., 1991). There are other
stretches of extensive homology outside those previously evolutionary study that suggested that those viruses with
a tissue tropism for the gut might be closely related atdefined, and these may correspond to surfaces of the
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TABLE 2
Pairwise Comparisons between Potential DNA Polymerase Sequences in the Mastadenoviridae
HAV-5 HAV-12 HAV-40 SAV-30 TAV-1 MAV-1 BAV-3 BAV-7
HAV-5 — 73a 73 73 54 46 53 37
HAV12 86b — 74 74 55 43 48 35
HAV-40 84 85 — 75 58 46 51 44
SAV-30 87 92 89 — 55 46 51 33
TAV-1 71 73 76 73 — 42 56 31
MAV-1 61 59 57 61 56 — 35 30
BAV-3 66 64 65 66 72 54 — 35
BAV-7 54 55 58 50 50 42 52 —
a Numbers above the diagonal are the percentage of identical residues in the predicted amino acid sequences for the DNA polymerases. The
published sequence for SAV-30 is the shortest, and all others were compared against it, using BestFit gap weight 3.000, length weight 0.100. The
compared sequences begin within conserved region III and end between the potential MLP and conserved region I (see Fig. 5B).
b Numbers below the diagonal are the percentage of similar residues.
the sequence level (Bailey and Mautner, 1994). Accord- close evolutionary relationship among the primate sero-
types. The two trees differ, however, in the order withingly, we have constructed a simple molecular phylogeny
using the sequences in the MLP region described in this which the mouse and Tupaia viruses diverged from the
common ancestor. The polymerase tree suggests an ear-paper and some of those previously available. Figure 6
shows phylogenetic trees drawn from both the MLP- lier divergence for Tupaia, while the MLP tree suggests
an earlier divergence for the mouse virus. Both treessense and DNA polymerase-sense sequences, using
MacClade (Maddison and Maddison, 1992). In both suggest a considerable divergence of the bovine sero-
types from the rest of the members of the Mastadenoviri-cases the BAV7 sequence was chosen as the outgroup
because it was the least similar to any other in the pair- dae. If other trees with different roots are constructed,
the divergence of the bovine types from the rest of thewise BestFit comparisons shown in Table 2. As expected,
the analysis of sequences from both strands indicates a group is maintained, and the distinction between them
FIG. 6. Phylogenetic relationships. (A) Relationships based on MLP sequences. Sequence data were entered to correspond to the alignment
shown in Figure 5A. A random-ladder tree diagram was obtained, using BAV-7 as the outgroup. A search for the most parsimonious tree was
executed, and the numbers of changes between nodes (shown in boxes) were determined. The lengths of individual branches corresponds to the
number of changes from the previous node. (B) Relationships based on DNA polymerase sequences. The data shown in Fig. 5B were modified to
give coterminal alignment of all sequences with the SAV-30 sequence, i.e., from ALYGSFATK to GDMCLHT. The analysis also includes published
sequences from HAV-12 and HAV-40. In all other respects, analysis was as for 6A.
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The adenovirus major late promoter TATA box and initiation site areis marked (not shown). In agreement with Table 2, the
both necessary for transcription in vitro. Nucleic Acids Res. 12, 7423–differences between the bovine viruses are as great as
7433.
those with the viruses of other species. Recent evidence Darai, G., Matz, B., Flu¨gel, R. M., Grafe, A., Gelderblom, H., and Delius,
from M. Benko¨ and B. Harrach (personal communication) H. (1980). An adenovirus from Tupaia (tree shrew): growth of the
virus, characterization of viral DNA, and transforming ability. Virologysuggests that the bovine viruses display a greater degree
104, 122–138.of sequence divergence as compared with the diver-
Dekker, B. M. M., and van Ormondt, H. (1984). The nucleotide sequencegence among viruses of other species. This raises the
of fragment HindIII-C of human adenovirus type 5 DNA (map posi-
possibility of horizontal spread from other hosts to cattle, tions 17.1–31.7). Gene 27, 115–120.
a possibility that may receive more support as informa- Devereux, J., Haeberli, P., and Smithies, O. (1984). A comprehensive
set of sequence analysis programs for the VAX. Nucleic Acids Res.tion is gathered about other bovine serotypes.
12, 387–395.
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